To characterize the development of tissue damage follow-which had spread over the ipsilateral hemisphere at 2 h, possibly caused by peri-infarction depolarization. At later ing cryogenic injury to the mouse cortex, the time course of histopathological changes, transcriptional responses time points, sustained expression of c-fos was observed in some cells in the penumbra. Since a role for c-fos has and DNA strand breaks following application of a liquid nitrogen-cooled probe to the surface of the parietal bone been postulated in the initiation or execution of apoptotic pathways, the susceptibility of c-fos deficient mice was were assessed. Distinct phases of tissue damage were observed: after 30 min, there was demarcation of a core explored (n=4) in this model. Cryoinjury-induced tissue injury was markedly attenuated in c-fos deficient mice. lesion followed by mainly necrotic cell death starting 2 h after injury. At 12 hours, progressive apoptotic death A model of the phases and mechanisms of cryogenic injury is proposed, which discriminates an early phase of scattered cells in the periphery of the core lesion was detected, resembling the penumbra observed in characterized by physical changes caused by hypothermia and their immediate consequences (i.e. transcrip-ischaemic stroke. In situ hybridization for c-fos revealed an absence of expression in the core region, suggesting tional block), an intermediate phase where secondary changes lead to necrosis in the core region, and a final early cessation of transcription. There was strong induction of c-fos in the penumbra 30 min after the lesion, phase of delayed apoptotic cell death in the penumbra.
Keywords: apoptosis, c-fos, cryogenic injury, penumbra cytes mediated by activation of ornithine decarboxylase Introduction [55] . Endothelial damage and distention, activation of xanthine oxidase and liberation of arachidonic acid from Cryolesions are known to induce membrane phospholipid degradation, lipid peroxidation and breakdown of the membrane phospholipids are thought to be major sources of reactive oxygen species (ROS) following a cryolesion blood-brain barrier (BBB), followed by vasogenic oedema and delayed infarction [3, 29] . Following the development [4, 5, 22] . Enhanced production of superoxide radicals is thought of a cryolesion, thrombosis of cortical blood vessels occurs [57] , and there is pericapillary swelling of astro-to be a relevant mediator of cryogenic cell death [13, 24] , and indeed transgenic mice overexpressing human Cu/Zn-dismutase are partially resistant to cerebral cry-Correspondence: Dr A. Aguzzi, Institute of Neuropathology, Department olesions [5] . Furthermore, there appears to be enhanced cryolesion [61], and the delayed infarction observed after apoptosis; yet little is currently known about the precise mechanisms and mediators of this pathway. the development of a cryolesion has hallmarks of apoptosis [33, 54] .
The tissue injury produced by a cryolesion bears many
Materials and methods
similarities with models of neuro-trauma [11] and of cerebral ischaemia [23, 46] . Cryolesions have also been Animals employed to study the role of the BBB in experimental autoimmune encephalitis (EAE) in rats [40] , and for the All mice utilized in this study were bred in a mixed 129Sv×C57BL/6 genetic background. For the time induction of the promoter of the glial fibrillary acidic protein (GFAP) gene in the aCected tissue [42] .
course studies, male mice 6 weeks to 3 months of age were used. Homozygous c-fos−/− mutants [58] were bred In ischaemic stroke, recent interest has focused on the mechanisms underlying the changes in the penumbra from heterozygous matings and genotyped by polymerase chain reaction and Southern blot analysis. c-surrounding the ischaemic core lesion, the fate of which determines the outcome of the infarction [14] . In particu-fos−/− mutants between 4 and 6 weeks of age were included in the experiments. Age-matched isogenic wild lar, the occurrence of delayed apoptotic cell death was shown to be altered by antagonists of EAA and free type mice of the same litters were used as controls. Since c-fos−/− mice are severely growth retarded, additional radical scavengers [6,28,45]. One major mechanism underlying delayed cell death may be peri-infarct depola-controls derived from younger litters and matched for weight (age was between 12 and 16 days) were used. rizations originating in the ischaemic core, caused by a release of EAA from necrotic cells [36, 60] . These depolar-All procedures were in accordance with institutional guidelines and the federal laws for animal protec-izations, which are similar to spreading depression, enhance excitotoxicity in a population of neurones which tion and European Community Council Directive 86/609/EEC. are metabolically compromised, but still viable, and enlarge infarct volume at the cost of the surrounding Cryolesions tissue, i.e. the penumbra, while they cause no damage in the brain tissue distant from the lesion [2, 32] .
Mice were anaesthetized with ketamine (100 mg/kg, Induction of c-fos, a member of the AP-1 family of Parke-Davis, USA) and xylazin (16 mg/kg, Bayer transcription factors, is commonly observed in models of Leverkusen, Germany) or with halothane plus 50% O 2 cerebral ischaemia and neuro-trauma and can serve as and 50% N 2 O and placed into a stereotaxic frame a marker of neuronal excitation and injury. In many (Narishige Tokyo, Japan). A steel probe (2 mm diameter) paradigms, the induction of c-fos also precedes the onset fitted to a 50-ml syringe filled with liquid nitrogen was of apoptosis [51, 52] , and an increasing number of studies pre-cooled to −196°C and applied to the skull bone on have implicated involvement of the c-Fos gene product the coronal suture 3 mm lateral ref. to bregma for 60 s in the initiation or execution of apoptotic pathways following incision of the skin. The skin was sutured and [10, 41] . The main phenotype in c-fos deficient mice is mice were returned to their cages until sacrifice. osteopetrosis caused by an osteoclast defect [58] . There are no detectable alterations in the histoarchitecture of Histology the brain. A general defect in apoptosis is not apparent in these mice. In particular, developmental apoptosis
To assess the sequence of histopathological changes following the cryolesion, wild type animals were sacri-occurs normally [44] . However, c-fos deficient mice are resistant to delayed light-induced apoptosis of retinal ficed 30 min (n=2), 2 h (n=4), 6 h (n=2), 12 h (n= 2), 24 h (n=8) and 48 h (n=4) after the cryolesion. photoreceptors [18] , indicating that c-fos can be involved in the cell death programmes of neuronal cells in vivo.
In some paradigms, the c-Fos gene product is thought to contribute to the apoptotic pathway [18, 41] . Since Heterodimerization with a member of the Jun subfamily and modification of the transcriptional activity of target expression in the penumbra of the cryolesions has been shown to precede apoptotic cell death, it was speculated genes by binding to AP-1 recognition sequences in regulatory regions of the target genes are thought to that c-Fos might also be involved in the execution of the cell death programme following a cryolesion. Cryolesions mediate the downstream eCector cascade culminating in were therefore made on c-fos knockout mice [58] and Results on isogenic wild type controls, in order to explore the vulnerability of cortical tissue of c-fos deficient mice Kinetics of tissue damage following cryolesion of towards cryogenic injury and delayed apoptotic cell the mouse cortex death. c-fos Mutants and controls were sacrificed before and 24 h following the cryolesion.
Upon removal of the brain, pallor of the cortex underlying the cryolesion was macroscopically visible in all The brains of all animals were removed, fixed overnight in 4% (w/v) paraformaldehyde in phosphate-wild type animals (not shown), the intensity of which was highest in animals which were allowed to survive buCered saline (PBS), and embedded in paraBn. Coronal sections (2 mm) were mounted on silanized slides and 24 h and 48 h after cryoinjury. On H&E staining, pallor of the core lesion was the first stained with haematoxylin and eosin (H&E).
To exclude diminished convection through the skull observable change 30 min after the cryolesion (Figure 1 ). There were little changes in cellular morphology at this caused by osteopetrotic thickening of the bone as a cause of cryo-resistance in c-fos−/− mice, the parietal bone of stage: in the core lesion, some cells were shrunken, while others displayed a 'halo' surrounding the cyto-c-fos−/− mice and age-matched controls was processed and histologically examined.
plasm. Nuclei appeared somewhat condensed. There was marked oedema with tissue vacuolization, which was most pronounced at the border of the core lesion with TUNEL stains the adjacent tissue. Minor bleeding and congestion of cortical blood vessels were apparent mainly in the core Terminal dUTP in situ nick end labelling (TUNEL) was performed, utilizing the in situ cell death detection kit II region. TUNEL-staining was negative. At 2 h after the injury, the core lesion had expanded (Boehringer Mannheim, Mannheim, Germany). Slides were deparaBnized and sections were digested with considerably. The nuclei appeared increasingly condensed and often moderately pyknotic. The majority of proteinase K (20 mg/ml) for 15 min at 37°C, followed by incubation with terminal transferase for 1 h at 37°C cells within the core lesion were weakly TUNEL-positive. At 6 h, disintegration of cells in the core region became in the presence of fluorescein-labelled dUTP. An alkaline phosphatase-coupled anti-fluorescein Fab fragment was apparent, with homogenous eosinophil staining of parts of the subleptomeningeal tissue. The oedema appeared used for detection, and 5-bromo-4-chloro-3-indolylphosphate and 4-nitro blue tetrazolium (Boehringer to decrease. At 12 h, further erosion of the core region had taken Mannheim) were employed as chromogens.
place. In the centre of the lesion, many cells were no longer distinguishable. On the border of the core lesion,
In situ hybridization many pyknotic cells were detectable. TUNEL staining at these time points (6 h and 12 h) To investigate the temporo-spatial pattern of c-fos induction following a cryolesion as a function of neuronal was heterogeneous in the core lesion. While most cells retained weak nuclear and additional cytoplasmic label-excitation and injury, in situ hybridization for c-fos was performed on brain sections from animals sacrificed at ling as evidence of necrosis, some cells displayed intense staining with nuclear chromatin condensation and mar-all time points following the cryolesion.
Sense and antisense RNA probes were transcribed ginalization indicative of apoptosis. From 12 h onward, increasing numbers of these intensely labelled cells in vitro with T3 and T7 RNA polymerase from the linearized plasmid pBFos [18] in the presence became visible in the periphery of the core region. Homogenous background-staining of the neuropil in the of digoxigenin-11-dUTP (Boehringer Mannheim, Germany). Labelled transcripts (50-200 ng) were core region by TUNEL was presumably caused by release of DNA fragments into the extracellular space following hybridized to paraformaldehyde-fixed paraBn tissue sections at 65°C as described [59] . Digoxigenin was detected cell lysis. After 24 h, a division of the lesion in two compart-with alkaline phosphatase-labelled anti-digoxigenin Fab fragments and 4-nitro blue tetrazolium chloride/ ments became apparent. While the changes in the core were largely constant, there was demarcation of a 5-bromo-4-chloro-3-indolyl phosphate. Cryolesions in c-fos deficient mice taking place without complete structural tissue disintegration.
In the cortex of c-fos−/− mice aged 4-6 weeks (n=4) analysed 24 h after the cryolesion, there were only The nature of cell death in this region was mainly apoptotic, as evidenced by display of condensation and discrete changes in the exposed tissue, with some oedema and little pallor (Figure 4 ). In the superficial area of the marginalization of nuclear chromatin and occurrence of apoptotic bodies as shown by TUNEL staining (Figure 2) .
cortex, there were a number of cells with shrunken cell bodies and dark nucleus, which were weakly labelled This separation into core and penumbra was maintained at 48 h following cryolesion, with progressive (both cytoplasm and nuclear) by TUNEL staining, indicative of necrosis. There were no cells with morphological decay and coagulative changes in the core region and further apoptosis of scattered cells dispersed over the evidence of apoptosis (i.e. nuclear chromatin condensation and marginalization or the formation of apop-region of the penumbra.
No TUNEL-positive cells were detected in other parts totic bodies).
In contrast, age-matched litter mate, wild type controls of the brain, in particular not in the vulnerable region of the CA1-sublayer of the hippocampus.
displayed the full picture of histopathological changes (see above). In particular, there was delayed apoptotic The extent of the lesions was not diCerent in wild-type animals anaesthetized with ketamine and xylazin vs.
cell death in a penumbra surrounding a core lesion. Cryolesions in the additional weight-matched controls those anaesthetized with nitrous oxide and halothane.
derived from younger litters were morphologically indistinguishable from those in controls aged 4-6 weeks.
Expression of c-fos following cryolesion of the Therefore, c-fos−/− mice appear to be partially resistant mouse cortex to cryogenic injury to the cortex. Sections of the parietal bone from c-fos−/− mice did Thirty minutes after the cryoinjury and at all later time points investigated, there was an absence of c-fos tran-not display features of osteopetrosis at this age. In contrast, the bone was thinner in c-fos−/− mice as scripts in the region of the core lesion, suggesting that the lesion had induced an immediate transcriptional compared to age-matched controls (data not shown). Therefore, diminished convection through the skull can block (Figure 3 ).
In the periphery of the cryolesions, there was strong be excluded as a cause of cryoresistance in c-fos −/− mice. induction of c-fos with a cytoplasmic distribution pattern of labelled transcripts already at 30 min following cryole-Discussion sion. At this time point, strong induction of c-fos was apparent in the endothelial cells of blood vessels within
In the present study, distinct phases of tissue damage following cryogenic injury of the mouse cortex are the core region.
At 2 h, expression of c-fos had reached its maximal described. Pallor in the core region underlying the location of the probe was the earliest morphological extent. It had spread all over the ipsilateral cortex, with strong expression extending to the cingulate gyrus and change 30 min following the lesion. At the molecular level, a complete transcriptional block in the core region the piriform cortex, while in the penumbra the expression levels were beginning to decline. Some labelled cells in was apparent, as evidenced by in situ hybridization for the c-fos mRNA 30 min after cryoinjury. However, since the penumbra appeared condensed and shrunken.
At 6 h following cryolesion, the expression in the c-fos transcription is normally initiated within seconds of appropriate stimuli, it is likely that the block becomes ipsilateral hemisphere had declined to baseline levels except in the region of the penumbra, where condensed eCective almost immediately following the cryolesion. It most likely represents a generalized and immediate inhi-and pyknotic cells expressing c-fos were still detectable until 24 h after the lesion. There was no expression in bition of transcription caused by a very low temperature in core tissue as a consequence of the liquid nitrogen-hippocampal structures.
Sections of cryolesioned brains from c-fos−/− mice cooling of the probe. This notion is corroborated by a study demonstrating decreased (but not completely were consistently negative following hybridization with both antisense and sense in situ hybridization probes.
abolished) transcription of the Cu/Zn-dismutase gene transcription following cryoinjury in rats [13] . In that The decision about the mode of cell death may also be critically dependent on intracellular ATP concen-study, however, the temperature of the cold-probe used was higher than in the present study, and no time points trations [31] and it is now recognized that necrotic and apoptotic cell death may both be present in the same earlier than 6 h following cryoinjury were analysed.
In another recent study, a lack of expression of c-fos lesion in excitotoxic cell death [12] , dependent on mitochondrial function [1] . Therefore, the putative transcrip-and c-jun mRNA was also evident in the core region underlying a cryolesion in rats, while increased tional block may in part be responsible for the diCerent extent of apoptosis and necrosis in core and penumbra expression was demonstrated in rest of the ipsilateral cortex by in situ hybridization, in agreeing with the of the cryolesions. Impaired translation of mRNA into protein as a result of energy failure and subsequent present data [26] . The time course of the induction of cfos in this rat study closely matched the current findings necrosis have also been detected in the core of ischaemic infarctions [27] . in mice, with strong induction by 30 min after the cryoinjury, and return to near baseline levels by 6 h DNA fragmentation in the cortex of rats following cryoinjury has been demonstrated previously by agarose after the procedure. These authors demonstrated additional induction of c-fos in the dentate gyrus, which gel electrophoresis [54] , and was found to be maximal at 24 h following the injury. Recently, apoptotic cell was not observed in the present study.
The evidence of a transcription block for c-fos and death in the periphery of a cold-lesion has also been demonstrated in mice [33] by the TUNEL method, which other mRNAs is important for the mode of cell death, since RNA and protein synthesis are necessary for the can reliably distinguish features of apoptotic and necrotic cell death [6] . In the latter study, TUNEL-positive cells execution of apoptosis in many neuronal systems [19, 48] , including models of neuro-trauma [49] , but not were quantified in the core and two regions of the periphery of a cryolesion. Increasing numbers of labelled for necrotic cell death [17] . cells were detected in the periphery, while the number acids from the necrotic tissue in the core with subsequent peri-infarct depolarizations may contribute to the apop-of TUNEL-positive cells in the centre decreased. This diCerence was maximal at 72 h following the injury. totic cell death in the penumbra of cryolesions. Other pro-apoptotic factors include ROS derived in particular Since 20 mm thick cryosections were employed in that study, the degree of morphological detail did not allow from endothelial cells undergoing distension and sheering stress [22] and peroxynitrite [38] . for detailed assessment of cell death morphology.
The present results confirm these studies and provide A model of the phases and mechanisms of cell death following cryoinjury is detailed in Figure 5 . A separation additional data with respect to the time course of pathological changes and to the details of the cell death into three phases is proposed: phase A is characterized by physical changes caused by hypothermia and their morphology following cryoinjury. Minor diCerences in the kinetics of cell death can be accounted for by the immediate consequences (i.e. transcriptional block). In phase B, secondary changes lead to necrosis in the core slightly diCerent techniques employed, in particular the diameter and the temperature of the cold-probes. The region. The development of delayed apoptotic cell death in the penumbra occurs in phase C. development of delayed and mainly apoptotic cell death in a 'penumbra' surrounding the core lesion described
The experiments utilizing c-fos knock-out mice are hampered by the general fragility and developmental here is reminiscent of the penumbra in models of ischaemic stroke and neuro-trauma, the fate of which retardation of these animals [58] . This is true in particular for the genetic background employed in this study can be altered by antagonists of EAA and free radical scavengers, and which determines the outcome of the (129Sv×C57BL/6) (Z.-Q. Wang, International Agency for Research on Cancer, Lyon, France, personal com-infarction [11, 14, 37] .
The finding of a rapidly spreading induction of c-fos munication). Invasive procedures are very poorly tolerated and simple procedures such as anaesthesia or transcription over the ipsilateral cortex oCers another analogy to ischaemic injury, since there is a similar placement into a stereotaxic frame are burdened by high mortality. Furthermore, many animals do not live induction of c-fos and other immediate early genes following ischaemia [16, 56] and traumatic brain injury beyond week 6 of age.
The study controlled for confounding variables by [21, 50] .
It has been shown in these models and in models of using syngeneic c-fos+/− and c-fos+/+ control mice from the same litter as the experimental mice, and by examin-experimentally induced seizures that c-fos induction is dependent on neuronal activity and N-methyl-d-ing additional syngeneic controls from other litters matched for weight. To exclude osteopetrosis of the skull aspartate (NMDA)-receptor activation [15, 16, 21, 50, 56] . In addition, NMDA antagonists can reduce the size of as a cause of resistance to cryolesions, histological sections of the parietal bone were prepared: these showed the penumbra in models of both ischaemia [45] and traumatic brain injury [37] . Therefore, c-fos expression a thinner bone in c-fos mutant mice at the same age (data not shown). may be a marker for the perilesional depolarization or spreading depression observed in the penumbra of Despite these diBculties that precluded a more comprehensive investigation of cryolesions in c-fos mutant mice, ischaemic lesions, which is thought to enhance cell death by energy depletion [30, 35, 60] markedly attenuated tissue injury was observed 24 h following cryolesion in c-fos mutants. In particular, there This suggests that perilesion depolarization may also be a significant mechanism in the development of delayed was an absence of delayed apoptotic cell death up to this time point. Later time points were not investigated: apoptotic cell death in the penumbra of cryolesions. Further support for this hypothesis can be derived from therefore, a delayed onset of apoptosis following cryoinjury in c-fos deficient mice cannot be excluded. electrophysiological studies demonstrating reduced latencies of visually evoked potentials as a consequence of The mechanisms of resistance to cryogenic injury in c-fos−/− mice probably diCer between the core and the increased release of excitatory amino acids (EAA) following cryolesions of rats [61], as well as transient cerebral penumbra. The absence of c-fos induction in the parenchyma of the core region, which is probably aCected by ischaemia [7] , and the direct detection of EAA release following cryolesion by microdialysis [53] .
cold-induced transcriptional block, suggests that the absence of the induction of a transcriptional activity The release of glutamate and other excitatory amino (24-48 h) involved in the constitution of the apoptotic pathway in been shown to be dependent on the generation of ROS [22] . Expression of c-Fos in endothelial cells within and neurones can not suBciently explain the reduction in cell death. There are several possible explanations for outside the lesion was also demonstrated up to 6 h after cryoinjury [34] . this phenomenon. The first one is that baseline expression of c-fos, which has been repeatedly docu-Since it has been suggested that vasogenic oedema caused by breakdown of the BBB and the generation of mented in the parietal cortex of untreated rodents [20, 52] or following aversive stimuli [39] , is suBcient ROS by endothelial cells are important for the tissue damage caused by cryoinjury [28, 33] , and superoxide to provide pre-formed cell death eCector molecules, which execute cell death independently of transcription and dismutase-transgenic mice are resistant to cryolesions [5] , it can be speculated that c-fos deficient endothelia protein synthesis [25] following cryoinjury. The second possibility is that through changes during development might be less susceptible to cryogenic injury, in eCect reducing BBB-disruption, vasogenic oedema and ulti-there is an altered circuitry in the cerebral cortex of cfos−/− mice that renders it less vulnerable to injury. mately tissue injury.
In the periphery of the lesions, expression of c-fos Another intriguing possibility is suggested by the finding of a strong induction of c-fos in endothelial cells precedes the onset of delayed cell death. Therefore, it appears plausible that c-Fos contributes to the execution within the core regions. Induction of c-fos in endothelial cells by a variety of cytokines and particularly shear of apoptotic pathways by participating in the formation of transcription factor complexes (i.e. AP-1 activity) stress have been reported previously [8, 43] . This has 
